Background: Ischemia/reperfusion (I/R) injury is a major cause of acute kidney injury, usually occurs during renal surgeries, and may eventually lead to chronic kidney diseases. However, effective therapeutic targets for renal I/R injury remain limited. Purpose: In the present study, we investigated whether inhibition of disruptor of telomeric silencing 1-like (Dot1l) could alleviate renal I/R in vivo and in vitro, as well as the potential mechanisms involved in this process. Methods: Sprague-Dawley rats were subjected to right renal ischemia for 45 mins and reperfusion for 0, 7, or 14 days with and without the Dot1l inhibitor EPZ004777. In addition, human renal proximal tubular epithelial cell line human kidney-2 cells were subjected to the hypoxia/reoxygenation (H/R) process (ie, 3 hrs hypoxia, 12 hrs and 24 hrs reoxygenation), with or without Dot1l inhibitor or genetic knockdown. Results: Inhibition of Dot1l through EPZ004777 or genetic knockdown reduced the expression of alpha-smooth muscle actin, vimentin, and fibronectin in I/R-and H/R-induced injury. Moreover, H/R-induced fibrosis depended on oxidative stress in vitro. In addition, I/R-and H/R-induced generation of reactive oxygen species (ROS) was attenuated by EPZ004777 or small interfering RNA for Dot1l. Furthermore, the elevation of ROS induced by Dot1l was regulated via phosphatidylinositol 3-kinase (PI3K) and serine-threonine protein kinase (AKT) phosphorylation in vivo and in vitro. Conclusion: Inhibition of Dot1l alleviated renal fibrosis by preventing the generation of ROS via the PI3K/AKT pathway. These results indicate that inhibitor of Dot1l could be a potential therapeutic target for renal I/R injury.
Introduction
Acute kidney injury (AKI) is a common clinical complication usually induced by systemic inflammation, ischemic insult, and sepsis. Renal ischemia/reperfusion (I/R) injury is one of the most common cause of AKI. [1] [2] [3] Renal I/R injury is an inevitable consequence of kidney transplantation, leading to renal fibrosis and progression of graft dysfunction. 4, 5 Progressive tubulointerstitial fibrosis is the final way for many chronic kidney diseases (CKDs), which leads to end-stage renal failure. Currently, there are limited treatment options for I/R-induced tubulointerstitial fibrosis. Therefore, identifying the key mechanisms involved in renal I/R injury may offer protection to patients in this setting. 6 Disruptor of telomeric silencing 1-like (Dot1l) is located on the nucleosome surface and the only known histone methyltransferase targeting the H3K79 position. 7 Similar to its homolog gene Dot1, Dot1l catalyzes the mono-, di-, and tri-methylation of H3K79 specifically through a unique catalytic domain. It has been associated with numerous biological processes, such as cell cycle progression, DNA damage response, transcriptional regulation, somatic reprogramming, and embryonic cell development. 8 In addition, other studies suggested that Dot1l plays a key role in the genesis and development of mixed lineage leukemia and tumorigenesis. [9] [10] [11] As a highly conserved protein in different species, Dot1l is widely expressed in rats and humans. 12, 13 However, the role of Dot1l in renal I/R injury remains unclear.
I/R affects oxidative phosphorylation, resulting in an elevated production of reactive oxygen species (ROS) during the reperfusion process. The contribution of ROS in the progression of renal injury is highlighted by the capacity of several antioxidants to attenuate renal I/R. [14] [15] [16] The excessive generation of ROS can induce protein, DNA, and lipid damage. In this study, we examined whether inhibition of Dot1l could modulate renal I/R-induced fibrosis in rats. We also investigated the potential mechanisms involved in the inhibition of Dot1l on the phosphatidylinositol 3-kinase/ serine-threonine protein kinase (PI3K/AKT)-mediated generation of ROS.
Materials and Methods
Antibodies and Reagents EPZ004777 (EPZ) was purchased from Selleck Chemicals (Houston, TX, USA). N-acetyl-cysteine (NAC) and polyethylene glycol-catalase were supplied by Sigma-Aldrich (St. Louis, MO, USA). Antibodies used in Western blotting (WB), namely rabbit anti-Dot1l, PI3K, AKT, phosphorylated AKT (p-AKT), and anti-β-actin were purchased from Abcam (Cambridge, UK). Antibodies against alpha-smooth muscle actin (α-SMA), vimentin, and fibronectin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Dichlorofluorescein diacetate solution was supplied by Beyotime Biotechnology (Jiangsu, China). Creatinine and urea commercial kits, the superoxide dismutase (SOD) assay kit, and the malondialdehyde (MDA) assay kit were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Experimental Animals and the I/R Model
Adult male Sprague-Dawley rats, weighing 220-250 g, were afforded from Experimental Animal Center of the Medical College of Wuhan University (Wuhan, China), and housed under set conditions (temperature: 20-22°C; 12-h light/dark cycle). The rats had ad libitum access to water and standard chow. This study was approved by the committee of experimental animals of Wuhan University (No. W20160188), and the procedures complied with the Guidelines for the Care and Use of Laboratory Animals. EPZ was solubilized with dimethyl sulfoxide, and intraperitoneally injected once daily for 1 week in the EPZtreated groups prior to establishing the model; different dosages were used according to the experimental design. The I/R model was performed as follows. Briefly, an intraperitoneal injection of pentobarbital (50 mg/kg) was adopted to anesthetize the animals. Subsequently, the rats were maintained at a core temperature of 37°C. During surgery, a midline incision was performed and the right kidney was excised. The left renal pedicles were clamped for 45 mins. Notably, these pedicles were not clamped in the sham group. According to the experimental design, the rats were euthanized at days 0, 7, and 14 after reperfusion.
Cell Culture
The human renal proximal tubular epithelial cell line human kidney-2 (HK-2) was supplied by the American Type Culture Collection (Manassas, VA, USA). The cell hypoxia/reoxygenation (H/R) model was established as follows. Briefly, HK-2 cells were exposed to a hypoxic condition (37°C, 1% oxygen, 94% nitrogen, and 5% carbon dioxide [CO 2 ]) for 12 hrs in glucose-and serum-free medium to induce hypoxic injury. Subsequently, the medium was replaced, and the cells were placed under the normal condition (5% CO 2 ) for reoxygenation (12 hrs and 24 hrs), according to the experimental design. The control group was cultured under the normal condition (5% CO 2 ).
Real-Time Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)
glyceraldehyde-3-phosphate dehydrogenase was used as the internal reference. The qRT-PCR analysis was performed using the ABI ViiA7DX System (Applied Biosystems, Foster City, CA, USA). The following qRT-PCR primers for the specific target genes (listed below) were designed and synthesized by TaKaRa Biotech:
Routine qRT-PCR was performed as follows: 94°C for 3 mins, followed by 30 cycles (25 cycles for β-actin) at 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min.
WB
The total proteins were extracted from kidney tissues and HK-2 cells using a commercial kit (Beyotime, Jiangsu, China). Subsequently, a protein assay kit (Bio-Rad, Hercules, CA, USA) was used for quantification, in accordance with the protocol provided by the manufacturer. Electrophoresis on 10% sodium dodecyl sulfatepolyacrylamide gels was performed to separate equal amounts of protein (40 µg/lane), which were rapidly transferred to polyvinylidene fluoride membranes. The membranes were blocked using 5% fat-free milk for 2 hrs at room temperature. Proteins were incubated with the following primary antibodies overnight at 4ºC: anti-β-actin (1:1000), Dot1l (1:1000), α-SMA (1:1000), vimentin (1:1000), fibronectin (1:1000), PI3K (1:1000), p-AKT (1:800), and AKT (1:1000). Tris-buffered saline and Tween 20 buffer were used to remove excessive primary antibodies. Subsequently, the membranes were incubated with an appropriate secondary antibody at 37°C for 2 hrs, followed by removal of excessive secondary antibody and detection of protein bands through enhanced chemiluminescence. The levels of proteins were analyzed using the Image J Software (National Institutes of Health, Bethesda, MD, USA).
Renal Function
After reperfusion in vivo, blood samples were collected and centrifuged, and the supernatant was collected. Creatinine and urea commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) were used to evaluate the levels of blood urea nitrogen and creatinine in the serum, according to the instructions provided by the manufacturer.
Histology Staining
Hematoxylin-eosin staining was performed on sections (4-µm thick) obtained from renal tissue, which had been fixed in 4% paraformaldehyde and embedded in paraffin. Two pathologists experienced in nephropathology and blinded to the group assignments determined the morphological changes. The degree of renal tubular injury was assessed according to the pathological scores (0-5 points). 17 
Masson's Trichrome Staining
After fixation in 10% phosphate-buffered formalin, the tissues were sectioned (thickness: 5 μm). Following gradual deparaffinization and hydration, the sections were stained with Masson's trichrome stain. Subsequently, they were observed by an experienced pathologist who was blinded to the treatments.
Immunohistochemistry
A commercial chemical kit (ZSGB-BIO, Beijing, China) was used to perform immunohistochemical staining. Sections (4-µm thick) were incubated with anti-Dot1l and anti-α-SMA primary antibodies overnight at 4°C, followed by incubation with secondary antibody at 37°C for 30 mins and addition of a coloring agent. Under the microscope, five different fields were randomly selected to evaluate the intensity of staining.
Small Interfering RNA (siRNA) Transfection
SiRNAs specific to Dot1l were used to transfect HK-2 cells for 6 hrs. Meanwhile, non-targeting siRNAs (Santa Cruz Biotechnology) were employed to transfect HK-2 cells for 48 hrs as a negative control. The concentration of all transfected siRNAs was 100 µM. Transient transfections were performed with Lipofectamine TM 3000 (Invitrogen, Carlsbad, CA, USA). After transfection, the cells were cultured in DMEM/F12 including 0.2% fetal bovine serum for 48 hrs. Subsequently, qRT-PCR was used to ascertain the effects of siRNA transfection.
Measurement of the Level of MDA and SOD Activity
The radioimmunoprecipitation assay buffer was prepared to lyse the HK-2 cells as previously described. 18 The MDA and SOD assay kits were used to determine the level of MDA and SOD activity in cell lysates according to the instructions provided by the manufacturer.
Assay for the Production of Hydrogen Peroxide (H 2 O 2 )
The Amplex Red assay was conducted to detect the production of H 2 O 2 as previously described. 19 Briefly, HK-2 cells, as well as HK-2 cells pretreated with reagents, were cultured in Dulbecco's Modified Eagle's Medium/F12 including 0.2% fetal bovine serum. Subsequently, the production of H 2 O 2 in HK-2 cells was measured using the Amplex Red assay. For the detection of the level of H 2 O 2 in kidney tissues, the kidneys were primarily perfused and homogenized as previously described. 20 Amplex Red (100 μM), containing 10 U/mL horseradish peroxidase, was used to detect H 2 O 2 in the homogenate (incubated for 1 hr at 37°C) in accordance with the recommendations of the manufacturer. Subsequently, the fluorescence readings were normalized and assessed.
Statistical Analysis
All values were normally distributed and expressed as the mean±standard error of the mean. Differences between groups were compared using one-way analysis of variance and the Student-Newman-Keuls test. P<0.05 denoted statistical significance. All statistical tests were conducted with the GraphPad Prism software version 5.0 (GraphPad Software, Inc., San Diego, CA, USA).
Results

The Expression of Dot1l Was Upregulated After Renal I/R
The expression of Dot1l was initially determined at 0, 7, and 14 days after renal I/R using WB and PCR ( Figure 1A and B ). The expression of Dot1l was markedly increased with the extension of the reperfusion time, especially after 14 days. Meanwhile, immunohistochemical staining indicated that Dot1l was mainly located in the nucleus and its expression was elevated at 14 days of reperfusion ( Figure 1C ). These results suggested that Dot1l may be involved in the development of renal fibrosis after I/R, and 14-day reperfusion was used in the following experiments.
Inhibition of Dot1l Attenuated Renal Injury After I/R
EPZ was used for the inhibition of Dot1l. The results of the creatinine and blood urea nitrogen analyses showed that I/R could lead to obvious renal damage, and EPZ improved renal dysfunction, especially in the 100 mg/kg group (Figure 2A and B). The renal tissue morphology after treatment with EPZ for renal I/R is also shown in Figure 2C and D. The renal tissues were almost normal in the sham group; however, they exhibited acute damage in the proximal tubules in the I/R group, such as tubular dilatation and loss of the brush border. EPZ prevented loss of the brush border in the tubular epithelium, with the greatest protective effects observed at 100 mg/ kg. WB indicated that EPZ could reduce the expression of Dot1l, with the greatest inhibitory effect noted at 100 mg/kg ( Figure 2E ). These results demonstrated that inhibition of Dot1l markedly attenuated renal injury after I/R.
Inhibition of Dot1l Alleviated Fibrosis Induced by Renal I/R
WB indicated that EPZ could reduce the expression of α-SMA, vimentin, and fibronectin induced by I/R ( Figure 3A ). Masson's trichrome staining revealed limited deposition of collagen in the sham group; however, deposition of tubulointerstitial collagen was observed in the I/R group. After treatment with EPZ, collagen deposition induced by I/R was dampened by the inhibition of Dot1l ( Figure 3B ). Moreover, immunohistochemical staining indicated that α-SMA was seldom found in the sham group. However, α-SMA was mainly localized in renal tubular epithelial cells in the I/R group. Moreover, the positive staining of α-SMA was reduced after treatment with EPZ ( Figure 3C ).
Fibrosis Induced by H/R Depended on Oxidative Stress in vitro
The results showed that H/R caused continuous accumulation of H 2 O 2 and MDA as the reoxygenation time was extended, especially at 24 hrs. However, SOD activity was decreased with extension of the reoxygenation time ( Figure 4A-C) . Meanwhile, the expression of α-SMA, vimentin, and fibronectin at 24 hrs was higher than that measured at 12 hrs ( Figure 4D ). Therefore, 24-h reoxygenation was selected for the subsequent experiment. We investigated the relationship between fibrosis and oxidative stress using the established antioxidant NAC (1 µM) to reduce the oxidative products and stress. Following the administration of NAC, the expression of α-SMA, vimentin, and fibronectin in HK-2 cells was decreased compared with that recorded in the H/R group ( Figure 4E ).
Inhibition of Dot1l Attenuated H/ R-Induced Fibrosis in HK-2 Cells
Different concentrations of EPZ were used in HK-2 cells subjected to 12 hrs of hypoxia and 24 hrs of reoxygenation. The results of PCR and WB indicated that EPZ could reduce the expression of α-SMA, vimentin, and fibronectin in a dosedependent manner ( Figure 5A and B) . Subsequently, siRNA against Dot1l was used to further clarify the effect of Dot1l inhibition on H/R-induced oxidative stress and fibrosis in HK-2 cells ( Figure 5C and D) . We observed that the expression of α-SMA, vimentin, and fibronectin was markedly decreased compared with that reported in the control group. As shown in Figure 5E -G, the levels of H 2 O 2 production and MDA content in cells pretreated with either EPZ or siRNA against Dot1l were decreased compared with those observed in the H/R and H/R+si-NC groups. Furthermore, EPZ or siRNA against Dot1l could reverse the decreased SOD activity caused by H/R. 
Inhibition of Dot1l Attenuated Oxidative Stress and Reduced PI3K/AKT Signaling in vivo
The effects of Dot1l inhibition on oxidative stress and fibrosis observed in vitro needed to be verified in vivo.
As shown in Figure 7A results indicated that inhibition of Dot1l may prevent I/R injury by inhibiting the PI3K/AKT pathway and oxidative stress.
Discussion
In this study, we established in vivo and in vitro models of renal I/R injury. This was the first study to investigate the relationship between Dot1l and renal I/R injury. The results indicated that inhibition of Dot1l with chemical inhibitor EPZ attenuated I/R-induced damage, oxidative stress, and fibrosis in rats. In HK-2 cells, it was found that fibrosis induced by H/R depends on oxidative stress. In addition, knockdown of Dot1l or treatment with its inhibitor could reduce the H/R-induced fibrosis. Furthermore, through treatment with wortmannin (prior to H/R), we found that inhibition of Dot1l blocked oxidative stress via downregulation of the PI3K/AKT pathway in HK-2 cells. Therefore, the present study demonstrated that Dot1l may be an important therapeutic target for renal I/R injury and EPZ may be a promising agent for the treatment of AKI. Renal I/R is an important cause of AKI which often arises after surgery, transplantation, hypovolemic conditions, and septic shock. I/R injury leads to functional and structural damage of the renal tubules by inducing tubular cell death, and these dying cells may trigger serious responses. I/R injury results in a rapid decline in kidney fibronectin. The bar graph shows the fold change in protein levels relative to the control group based on three independent samples. (C) HK-2 cells were transfected with an siRNA against Dot1l or a negative control siRNA (si-NC) for 48 hrs, and pretreated with or without EPZ004777 at a dose of 25 μM for 3 hrs before being exposed to H/R. The mRNA levels of α-SMA, vimentin, and fibronectin were detected using real-time RT-PCR. (D) Representative bands of Western blotting analyses for the protein expression of α-SMA, vimentin, and fibronectin. The bar graph shows the fold change in protein levels relative to the control group based on three independent samples. In addition, (E) SOD activity, (F) MDA content, and (G) H 2 O 2 production were detected using three independent samples. Values are expressed as the mean±SEM; *P<0.05, between the DMSO and EPZ groups; # P<0.05, between the si-NC and si-Dot1l groups. Abbreviations: H/R, hypoxia/reoxygenation; HK-2, human kidney-2; RT-PCR, reverse transcription-polymerase chain reaction; Dot1l, disruptor of telomeric silencing-1-like; α-SMA, alpha-smooth muscle actin; siRNA, small interfering RNA; SOD, superoxide dismutase; MDA, malondialdehyde; DMSO, dimethyl sulfoxide; EPZ, EPZ004777; SEM, standard error of mean.
function and increased patient morbidity and mortality. The short-and long-term patient outcomes vary depending on the reversibility and recovery of the injury. 21 In the past decades, therapeutic approaches to render organs more resistant to ischemia have been studied. 22 However, effective treatment against renal I/R remains limited. In the present study, it was found that Dot1l expression was elevated with extension of reperfusion time after ischemic injury. Furthermore, the Dot1l selective inhibitor EPZ004777 could protect from renal I/R injury, alleviate tissue damage, and reverse renal dysfunction.
Renal fibrosis is a common event activated as a result of acute renal injury, subsequently leading to CKD. Renal interstitial fibrosis is typically characterized by extracellular matrix deposition and proliferation of tubulointerstitial fibroblasts in the kidney parenchyma. Hypoxia dampens tubular epithelial growth and leads to failure of remodeling by facilitating apoptosis and dedifferentiation. Profibrotic factors, including transforming growth factor-β mediating fibroblast activation and recruited leukocytes, which appear in hypoxic areas, contribute to the development of fibrosis. 23 In our study, we found that I/R could lead to renal fibrosis. This finding was consistent with those reported in a previous study. 24 Meanwhile, in our in vitro study, we found that the H/R process could elevate the expression of α-SMA, vimentin, and fibronectin in a time-dependent manner. As a methyltransferase for methylation of histone H3K79, Dot1l is closely associated with tumors. A previous study reported that Dot1l played an important role in mixed lineage leukemia and also revealed several mechanisms involved in this process. 25 In prostate cancer, it was found that Dot1l directly methylated the androgen receptor to regulate its activity. 26 Moreover, in breast cancer cells, it was also shown that selective Dot1l inhibitors could suppress proliferation and migration. 27 However, the role of Dot1l in renal ischemia remains unknown. In this study, we found that inhibition of Dot1l prevented the development of renal fibrosis induced by I/R. Furthermore, in our in vitro model, it was found that H/R increased the expression of fibrotic genes. Moreover, knockdown of Dot1l or treatment with its inhibitor could reduce the fibrosis induced by H/R.
Oxidative stress plays a crucial role in renal fibrosis. It was reported that ROS were involved in mesangial cell hypertrophy, activation of fibroblasts, and migration of tubular epithelial cells. 28 In addition, ROS could increase the production of chemokines and growth factors. 29 Different types of renal damage, such as AKI, result in upregulation of ROS production. The link between renal I/R and oxidative stress during fibrogenesis has been demonstrated. 30 Renal I/R stimulated ROS generation; in turn, the generated ROS enhance I/ R-induced damage. Herein, we replicated the observation of increased ROS generation along with the fibrotic response in HK-2 cells during H/R and in renal I/R tissues. We demonstrated that treatment with EPZ reduced the levels of I/ R-induced ROS. Additionally, inhibition of Dot1l blocked oxidative stress and fibrosis via inactivation of the PI3K/ AKT pathway. Furthermore, we demonstrated that inhibition of Dot1l attenuated oxidative stress and reduced PI3K/AKT signaling in vivo.
In conclusion, we identified the protective effect of Dot1l inhibition against renal I/R injury in vivo and in vitro. Furthermore, we also demonstrated that inhibition of Dot1l reduced renal fibrosis through the PI3K/AKT pathway. Overall, these results revealed that the Dot1l inhibitor can act as a promising therapeutic target for renal I/R injury.
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